The simplicity and specialization of the crawling sperm of nematodes such as Ascaris suum can offer Florida State University Tallahassee, Florida 32306 advantages for investigating the mechanism of amoeboid motility (reviewed by Roberts and Stewart, 1995 complexes, that are assembled at leading edge of the instead of an actin-based apparatus for locomotion.
Introduction of the MSP system in locomotion can be investigated without the complications imposed by a multifunctional Amoeboid cell motility plays an important role in such cytoskeleton. diverse processes as macrophage migration and tumor
In this study, we describe a simple method to reconstimetastasis. This type of locomotion requires extension tute in vitro the MSP cytoskeleton and its association of a motile pseudopod to pull the cell forward, a process with the leading edge of the pseudopod. We show that typically attributed to modulation of an actin-based cylocalized polymerization and bundling of MSP filaments toskeleton (reviewed by Condeelis, 1993; Stossel, 1993;  can be harnessed to move plasma membrane-derived Oliver et al., 1994) . The protrusive activity at the leading vesicles in much the same way as assembly of the fiber edge of these cells coincides with localized polymerizacomplexes appears to move the pseudopodial plasma tion and cross-linking of actin filaments into meshworks membrane in vivo. We found that in addition to MSP or bundles and the concerted retrograde flow of these movement requires components from the membrane arrays away from the advancing front (reviewed by Lee at the leading edge of the cell and at least one other et Theriot and Mitchison, 1992; Heath and cytoplasmic factor. Holifield, 1991) .
Owing in large part to its complexity, the mechanism by which the actin cytoskeleton produces protrusion Results and locomotion is still uncertain. In addition to locomotion, actin is often engaged in other cellular functions Movement Can Be Reconstituted with Sperm Cytosol and Membrane Vesicles such as shape determination, phagocytosis, movement of vesicles and organelles, surface rearrangements, and Ascaris sperm, like other amoeboid cells, advance over the substrate by pushing their pseudopod forward. This cytokinesis. Each of these activities requires a set of actin-binding proteins, and single cells often contain process appears to be driven by continuous assembly of fiber complexes along the plasma membrane at the many such proteins with overlapping or redundant functions. This combination of functional versatility and bioleading edge of the pseudopod (Figure 1 ; see also Computer-enhanced phase-contrast micrographs showing the elongation of fiber complexes at the leading edge of the pseudopod of a crawling sperm (a and b) and of fibers assembled in vitro by addition of ATP to S100 (c and d). The interval between frames was 10 s in both sequences. The arrows in (a) and (b) indicate a branch in a fiber complex. The portion of the fiber complex distal to the branch elongated in concert with protrusion of the leading edge. Likewise, the two prominent fibers in (c) and (d) elongated (in this case, at 35 m/min) pushing their associated vesicles forward. Scale bars, 5 m. al., 1995) . We report here the reconstitution of an in conditions. We also investigated the effect on the rate of movement of diluting S100 with KP buffer. As illusvitro system that retains the key features of this motile apparatus. trated in Figure 2d , dilution 1:1 with buffer produced neglible changes in fiber growth rate, but higher dilutions When we added ATP to the 100,000 ϫ g supernatant (S100) obtained from frozen-thawed sperm, polymerizaresulted in a progressive reduction in the growth rate. At dilutions greater than 1:25, we could no longer detect tion and bundling of MSP filaments produced elongating multifilament meshworks, or fibers, up to 2 m in diameany fiber formation. Significantly, when S100 was diluted with buffer containing 4 mM MSP (to keep the MSP ter. The growth of these fibers could be monitored in real time by computer-enhanced phase-contrast video concentration constant), the same decrease in the rate of fiber elongation was observed (Table 1) . This indimicroscopy ( Figure 1) . Each fiber had a membrane vesicle at one end that was pushed forward as the fiber cated that the rate-limiting step of fiber growth involved some component of the S100 fraction in addition to grew. The rate of fiber elongation was rather variable and ranged from 2-35 m/min (mean, 12 Ϯ 4 m/min;
MSP. This component does not appear to be a small molecule. We centrifuged a sample of S100 on a 5000 n ϭ 33). The maximum rate of fiber growth was comparable to the average velocity of sperm crawling on glass nominal molecular weight cut-off filter until approximately one third of the volume had passed through. We coverslips (Royal et al., 1995) . Growth continued for 90-120 min, with no detectable disassembly, to yield then tested both the filtrate and the residual unfiltered material for their ability to restore fiber growth rate when fibers that ranged from straight or gently curved to tight spirals or helices (Figure 2a ). Individual fibers altered added to a mixture of membranes and either 1:10 or 1:25 diluted S100. At both dilutions, the residual material their pattern of growth as they elongated but, once formed, exhibited little or no change in shape or length.
from above the filter restored fiber growth rate whereas the filtrate did not. There was no correlation between the rate of elongation and the diameter of either the fiber or associated vesicle.
Fibers labeled uniformly with antibody AZ10 (Figures 2b
Localized Polymerization and Bundling of MSP Filaments Moves Vesicles and 2c), a monoclonal antibody that binds specifically to MSP (Sepsenwol et al., 1989) . Assembly required at
To investigate the pattern of fiber growth in greater detail, we examined fibers at an early stage of assembly least 0.1 mM ATP; ATP concentrations above this threshold did not enhance either the rate or duration of so that we could monitor both ends of a fiber simultaneously. Figure 3 shows a time-lapse sequence of a fiber fiber growth. Fibers were not produced by other nucleotides, such as GTP or ADP, or by nonhydrolyzable anaassembled in dilute S100 to slow the rate of elongation. As the fiber elongated, the thickened end distal to the logs of ATP, including ATP␥S and AMP-PNP.
Fractionation of diluted S100 by high speed centrifumembrane vesicle maintained its position relative to a stationary marker in the field. The vesicle, by contrast, gation produced a supernatant composed of soluble cytosolic sperm proteins and a pellet that contained moved to the right as the fiber grew. This pattern of elongation appeared to result from assembly of filaprimarily membrane vesicles as judged by electron microscopy (EM) of thin sections of embedded samples.
ments at the vesicle-associated end of the fiber. However, addition of material elsewhere along the fiber could The supernatant failed to produce fibers in the presence of ATP either alone or when supplemented with purified produce a similar pattern if one end of the fiber was attached to the substrate while the other was free. The MSP at 4 mM, its concentration in S100. However, fibers were formed when the pellet and the supernatant were behavior of fibers with bent shafts allowed us to distinguish between these possibilities (Figure 3b ). In each recombined, indicating that assembly required components from both fractions. Addition of the same pellet bent fiber examined, elongation resulted in an increase in the distance between the bend and the vesicle-assoto 4 mM MSP failed to produce fibers visible by light microscopy or polymerization of individual filaments deciated end of the fiber while the bend stayed stationary relative to the substrate. Thus, fiber elongation must be tectable by either EM or sedimentation assays, indicating that the supernatant contains factors in addition to due to assembly at or at least very close to the membrane vesicle. MSP that are essential for polymerization under these often be observed by both light microscopy (see Figure  3 ) and scanning EM (SEM) (Figure 4 ). Few filaments extended out from the shaft of the fiber. Light microscopy indicated that a vesicle was present at the end of each fiber. We confirmed this observation at higher resolution by examining four preparations by SEM and did not ever observe a fiber without a vesicle at one end nor an example in which there was a discernible gap between the vesicle and the fiber that would be expected if the vesicle attached to the fiber loosely or transiently. Instead, the vesicles always abutted the filament meshwork. The vesicles were roughly spherical, and some contained additional vesicles or amorphous granular material. When growing fibers were treated with 1% Triton X-100, the vesicles could no longer be observed by light microscopy, indicating that the membranes had been solubilized. SEM of these extracted fibers showed a cup-shaped depression at one end (Figure 4c ).
Fiber-Associated Vesicles Are Derived from the Pseudopodial Plasma Membrane
Light microscopy indicated that only a very small fraction (Ͻ1%) of the vesicles in S100 were associated with fibers. The membrane systems of nematode sperm are well characterized (Ward et al., 1983) . They lack an endoplasmic reticulum, Golgi, and lysosomes but in addition to their plasma membrane and mitochondria also contain membranous organelles (that become in-pockets of the cell body surface by fusing with the plasma membrane late in sperm development and are not found gent-permeabilized sperm ( Figure 5b ). Identical treatment of fibers resulted in specific labeling of the fiber-associated vesicles but not of the fiber itself ( Figure 5f ). Fibers assembled in vitro consisted of a dense meshwork of filaments that extended from an unordered reThe labeling pattern obtained with an antibody directed against phosphotyrosine pinpointed the source gion at one end, which differed in shape in each fiber, to the base of the associated vesicle at the opposite of the fiber-associated vesicles to the leading edge of the pseudopodial plasma membrane. In indirect immuend ( Figure 4 ). The shaft of each fiber was roughly cylindrical in cross section, and longitudinal grooves could nofluorescence assays, this antibody selectively labeled (a) SEM of a fixed fiber, prepared by the critical point method of (b) Sequence showing the growth of a fiber with two bends. Note Ris (1985) , showing the meshwork arrangement of filaments. that, as the fiber elongated, the distance between the vesicle and (b) Transmission EM of a thin section through a fiber. the lower bend increased, but that the bend remained stationary (c) SEM of a fiber treated with 1% Triton X-100 for 1 min before relative to the substrate and its distance from the upper bend did fixation. This treatment lysed the vesicle leaving a cup-shaped denot change. These fibers were assembled in 1:20 diluted S100 so pression at the end of the fiber. Note the longitudinal grooves along that, compared with that of the fiber shown in Figure 1 , their rate the shaft of the fiber. of growth was slowed, which facilitated more precise observation Scale bars, 1 m. of elongation. Scale bar, 5 m.
the leading edge of the pseudopod of detergent-permeabilized sperm and also labeled the vesicles at the end the presence of phosphotyrosylated proteins may determine whether a vesicle is competent to assemble fibers. of fibers assembled in vitro (Figure 6 ). In the latter case, the antibody produced a ring of fluorescence around the entire vesicle, and labeling was clearly not restricted Fibers Still Assemble When Vesicle Membranes Are Removed by Detergent to the vesicle-fiber interface. We were unable to detect labeling of any of the other vesicles in these preparations
To determine whether MSP polymerization and fiber formation require intact membrane vesicles, we treated the with the anti-phosphotyrosine antibody, suggesting that and probed with anti-phosphotyrosine antibody followed by FITCan antiserum raised against deglycosylated sperm membranes. conjugated anti-rabbit IgG. The antibody labeled the leading edge of (a and b) Fixed, Triton X-100-permeabilized sperm probed with antithe pseudopod. The faint fluorescence at the cell body-pseudopod membrane antiserum followed by FITC-conjugated anti-rabbit IgG.
junction was also observed in control cells (c and d) in which the The plasma membrane was labeled uniformly, but there was no primary antibody was omitted. Anti-phosphotyrosine also selecdetectable labeling of any internal organelles.
tively labeled fiber-associated vesicles (arrows in [e] and [f]) but (c and d) Control in which the primary antiserum was omitted.
not nearby free vesicles (arrowheads). Permeabilization was not (e and f) Fixed, permeabilized fiber labeled in the same way as required to obtain labeling of vesicles on fibers. No binding was the cell shown in (a) and (b). The fiber-associated vesicle (arrows) detected on control fibers probed with secondary antibody alone. exhibits a ring of fluorescence, but the fiber itself is unlabeled.
Scale bars, 10 m. (g and h) Control with the antiserum omitted. Scale bars, 10 m.
that, in addition to fibers, the Triton X-100-extracted pellet produced flattened meshworks of filaments (Figure 7b) . Also, the fibers in these preparations had numerpellet harvested by dilution and centrifugation of S100 with 1% Triton X-100. Intact vesicles were no longer ous filaments extending laterally from the shaft, and we were unable to detect membrane fragments at their detectable by light microscopy after detergent treatment. The supernatant obtained after centrifugation of ends. However, like their vesicle-associated counterparts, the fibers assembled in detergent-soluble memthis material induced the assembly of fibers similar to those assembled on vesicles (Figure 7a ) when added to brane extracts labeled heavily at one end for phosphotyrosine (Figures 7c and 7d ). Because these fibers diluted, vesicle-free S100. Examination by SEM showed antibody labeled the end of each branch, indicating that, as observed in vesicle-associated fibers and the leading edge of the pseudopod of crawling cells, anti-phosphotyrosine selectively recognized the site of localized filament assembly.
This association of phosphotyrosylated proteins with the growing end of fibers both in the presence and absence of intact vesicles prompted us to test the effects of a battery of protein tyrosine kinase inhibitors on MSP polymerization. However, we were unable to inhibit fiber formation in vitro or in vivo with the kinase inhibitors herbimycin (0.4 g/ml), genistein (10 g/ml), or tyrphostins A1 (10 g/ml), A25 (3 g/ml), B42 (1.5 g/ml), B44 (15 g/ml), B50 (15 g/ml), B46 (1.5 g/ml), B48 (1.5 g/ ml), and B56 (1.5 g/ml). Moreover, the vesicles on fibers assembled in the presence of these inhibitors labeled as intensely with anti-phosphotyrosine antibody as the vesicles on fibers assembled without inhibitors, indicating that these agents did not block tyrosine phosphorylation in this system.
Discussion
To understand the mechanism of amoeboid locomotion, we need to identify the molecular machinery underlying the protrusive activity of the leading edge. In both actinand MSP-based systems, this process is associated with localized assembly and bundling or cross-linking of filaments into networks. By reconstituting in vitro a system that retains key elements of the motile apparatus of nematode sperm, we have established a basis for investigating the mechanism of amoeboid cell motility and also an assay system to detect its other components. In this study, we have shown that membrane components isolated from the leading edge of the sperm pseudopod trigger the assembly of MSP filament meshworks in vitro and that this process can be harnessed to drive the movement of vesicles. This system, therefore, provides a strikingly direct demonstration that fiber assembly and bundling can move membranes. subfilaments wrapped around one another in righthanded helical tracks of pitch 22.5 nm. The subfilament helices are left-handed and have a pitch near 9 nm; they adhered poorly to the substrate, we were unable to follow the growth of individual fibers then fix and label to appear to contain 16 MSP molecules in five helical turns (Stewart at al., 1993 (Stewart at al., , 1994 King et al., 1994b) . Thus, the determine whether the growing end bound anti-phosphotyrosine. However, some of these fibers branched axial spacing between MSP monomers along a subfilament is probably on the order of 3 nm. From this we as they elongated. When we probed such fibers, the can estimate the approximate rate at which subunits that the rate of fiber growth was limited by the activity of a non-MSP component of the system rather than by are added onto filaments. If the filaments in fibers were oriented parallel to the path of vesicle movement, addithe rate of association of MSP with the fiber. ATP tion of ‫002ف‬ subunits per second would be required to account for the observed mean rate of fiber elongation
Components Required for Reconstitution of the Motile Apparatus
The in vitro motility system demonstrated that the energy source for fiber elongation was ATP, which could and ‫006ف‬ subunits per second for the maximum rate observed. Fibers, however, contain meshworks of filanot be substituted by other nucleotides such as GTP. Unlike the assembly of actin filaments and microtubules, ments oriented at various angles relative to the axis of elongation. Therefore, the rate of subunit addition must the formation of MSP filaments does not appear to require nucleotide binding to the polymerizing unit. For be more rapid by perhaps as much as a factor of 2. This would give a rate of elongation of ‫004ف‬ subunits per example, the amino acid sequence of MSP does not contain a putative nucleotide-binding motif (King et al., second for the mean and ‫0021ف‬ for the maximum fiber elongation rate. Given a cytoplasmic concentration of 1992), and ATP is not required for the assembly of MSP into filaments in the presence of water-miscible alcohols MSP of 4 mM, this would imply a k on of 0.1 M Ϫ1 s Ϫ1 for the mean growth rate and a maximum k on of 0.3 M Ϫ1 s Ϫ1 .
( King et al., 1992 King et al., , 1994b Stewart et al., 1994) . Moreover, preliminary assays by electron spin resonance failed to These estimated rates of addition for MSP are slower than the measured on rates for actin (Pollard, 1986) .
detect binding of ATP to MSP in solution (Kd of Ͼ300 mM; J. E. I. and P. Fajer, unpublished data). It appears, Consequently, the rate of MSP polymerization observed in these cellular extracts in not unusually high and so therefore, that the energy necessary for fiber formation and membrane movement is provided indirectly. does not require some novel mechanism. Membrane Components S100 only formed fibers when either membrane-bound
Comparison of Fiber Assembly In Vitro and Fiber vesicles or their detergent-extracted components were
Complex Formation In Vivo present. Thus, MSP polymerization under these condi-
The assembly of fibers in vitro shares several features tions requires specific components from the plasma with the construction of fiber complexes within the membrane, although an intact bilayer is not essential. sperm pseudopod. Both are built by preferential addiImmunolabeling revealed two important features of the tion of filament mass at their membrane-associated end. membrane vesicles that support fiber assembly. First, Moreover, the rates of elongation of fibers and fiber these vesicles derive from the leading edge of the pseucomplexes are comparable, and both are composed of dopod, the only membrane region that labeled with both meshworks of MSP filaments. Although fiber assembly anti-membrane antiserum and anti-phosphotyrosine anhas been reconstituted in the in vitro system, the corretibody. Second, because anti-phosphotyrosine labeling requires permeabilization of sperm but not of the fibersponding fiber disassembly that occurs in vivo has not. In crawling sperm there is a finely tuned balance beassociated vesicles, the vesicles appear to be fragments of plasma membrane resealed inside out. Thus, the cytotween assembly and disassembly of the filament system at opposite ends of the pseudopod so that fiber complasmic surface of the membrane associated with filament assembly in vivo is exposed to participate in fiber plexes treadmill but exhibit little change in length as the cell progresses. Construction of fibers in vitro, by formation in vitro. Although tyrosine phosphorylation was associated with fiber formation, we have not yet contrast, involves assembly at one end without concommitant disassembly at the other. The pseudopod exhibobtained direct positive evidence linking the two. Cytosolic Factors its a pH gradient from the leading edge to the base that appears to be involved in the spatial control of The failure of purified MSP to form fibers in the presence of membranes or to restore the rate of fiber formation cytoskeletal dynamics (King et al., 1994a) . We have not reconstituted this pH gradient in the in vitro system, and when added to diluted S100 indicates that fiber formation involves one or more cytosolic components in addithis may explain, at least in part, why fibers assembled in vitro do not show the same localized disassembly tion to MSP. Such a factor could promote filament assembly or bundling. MSP filaments, however, have an exhibited by the pseudopodial filament system. Examination of cytoskeletal dynamics in intact sperm intrinsic propensity to assemble into larger aggregates (King et al., 1994b) that is a consequence of their unique suggests that although disassembly is important for the treadmilling of fiber complexes and associated with lohelical structure (Stewart et al., 1994) and so may not be as dependent as actin filaments on cross-linking procomotion as a whole, it is unlikely to be related to membrane protrusion, the primary focus of the present work. teins to form networks. Also, if the sole activity of the unknown component(s) of the S100 fraction was to form
Further support for the key role of fiber assembly in protrusion comes from previous work that showed that networks, we would have expected to detect assembly of individual filaments when vesicles were combined treatment of sperm with weak acids causes reversible cytoskeletal disassembly. When these cells are washed, with purified MSP. Instead, we found that polymerization did not occur without S100, suggesting that cytosolic they recover by rebuilding fiber complexes along the pseudopod membrane. The initiation of cytoskeletal refactors interact with membrane components to induce filament formation. The results of dilution assays underassembly is sufficient to reform surface protrusions, but locomotion does not resume until the cytoskeleton is scored the importance of these factors. The decrease in fiber elongation rate with S100 dilution, even when completely rebuilt and starts to treadmill (Roberts and King, 1991; King et al., 1994a) . the MSP concentration was kept constant, indicated
Comparison to Actin-Based Systems
The close analogy between locomotion based on MSP-and actin-based motility indicates that, although Several models have been proposed to explain the forces underlying protrusion in amoeboid cells (rethe molecular components are different, similar mechanisms are likely to apply to both systems. In this regard, viewed by Condeelis, 1992) . Early ideas focussed on actomyosin contractility as the cause of protrusion but the Ascaris sperm-based in vitro system provides direct evidence that filament polymerization, bundling, or both recent studies, particularly those involving myosin deletion mutants of Dictyostelium (DeLozanne and Spudich, can produce the force to move membranes. Moreover, the similarity in organization and growth of fibers assem-1987; Knecht and Loomis, 1987; Wessels et al., 1991; Titus et al., 1993) , have suggested that myosin is more bled with solubilized membranes, and those built on vesicles suggested that the forces generated under both likely involved in fine-tuning protrusive activity than driving it. Localized polymerization of actin filaments is now conditions are the same and that the membrane bilayer does not participate directly in force production. The thought to play a key role in protrusion (reviewed by Cooper, 1991; Condeelis, 1993; Zigmond, 1993;  Cramer observation that fibers can move membrane vesicles in vitro makes it very plausible that the fiber complexes can et al., 1994) and has also been implicated in other specialized forms of motility, such as the acrosome reaction generate pseudopodial plasma membrane protrusion in vivo and, in turn, that analogous filament formation and in Thyone sperm (Tilney and Inoue, 1982) , the movement of surface-attached polycationic beads on Aplysia neubundling can produce protrusion in actin-based systems. Overall, the in vitro reconstitution of the MSPronal growth cones (Forscher et al., 1992) , and extension of filopodia by activated platelets (Hartwig, 1992) . Howbased apparatus provides a powerful assay system for characterizing the components of the motile machinery ever, dissection of the relationship of actin polymerization to protrusion has been impaired by the complex of nematode sperm and identifying the forces they produce. and transient nature of the membrane-cytoskeletal interactions involved (Luna and Hitt, 1992) . For example, Luna and colleagues (Shariff and Luna, 1990; Chia et Experimental Procedures al., 1993; Hitt et al., 1994) (Theriot et al., 1994 ). The precise molecu- (Theriot and Mitchison, 1992) Ris (1985) , coated with gold-palladium, Cramer, L.P., Mitchison, T.J., and Theriot, J.A. (1994) . Actin-depenand examined in a JEOL 840 SEM operated at 20 kV. dent motile forces and cell motility. Curr. Opin. Cell Biol. 6, 82-86.
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